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(57)Abstract: 

PROBLEM TO BE SOLVED: To prevent even in the conditions of a high temperature and high humidity the 
magnetic characteristic of a magnet from degrading, by forming via an aluminum film on the surface of an, 
Fe-B-R-based permanent magnet a forming film containing phosphorus, oxygen, fluorine, and one kind 
selected from titanium and zirconium. 

SOLUTION: As a target, a metallic aluminum is used to form an aluminum film on the surface of an Fe-B-R- 
based magnet (where R represents rare earth elements). The film thickness of the obtained aluminum film 
is set to 0.01-50 ^m. Then, by dipping in a processing liquid the magnet having the aluminum film on its 
surface, a forming film is formed on the aluminum film to apply thereafter to the forming film a dry 
processing. In this forming film, the contents of titanium, phosphorus, oxygen, and fluorine are set 
respectively to 0.1-100 mg, 0.1-100 mg, 0.2-300 mg, and 0.05-100 mg (per the magnet surface of 1 m2). 
Still, the processing liquid is prepared by dissolving in a water a titanium compound, phosphorus acid 
compound, and fluorine compound. 
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[Abstract] 

[Problem] To provide an Fe-B-R permanent magnet, and method of 
manufacturing the same, having on a magnetic surface an 
anticorrosive film with good adhesion to the magnet, the magnetic 
characteristics of which do not deteriorate even when placed for 
long periods under conditions of a temperature of 80 'C and a 
relative humidity of 90 percent, affording stable, good magnetic 
characteristics, without the presence of hexavalent chromium in 
the film. 

[Solution] [The magnet is] characterized by having a chemical 
conversion film comprising zirconium and/or titanium; phosphorus; 
oxygen; and fluorine over an aluminum film on an Fe-B-R permanent 
magnet surface. 

11 

[Claims] 

[Claim 1] A permanent magnet characterized by having a chemical 
conversion film comprising zirconium and/or titanium; phosphorus; 
oxygen; and fluorine over an aluminum film on the surface of an 
Fe-B-R permanent magnet. 
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[Claim 2] The permanent magnet of claim 1 further characterized 
in that the thickness of said aluminum film is from 0.01 to 50 
jim. 

[Claim 3] The permanent magnet of claim 1 further characterized 
in that the thickness of said chemical conversion film is from 
0.01 to 1 urn. 

[Claim 4] The permanent magnet of claim 1 further characterized 
in that the content of titanium and/or zirconium in the chemical 
conversion film is from 0 . 1 to 100 mg per square meter of film 
formed on said magnetic surface. 

[Claim 5] The permanent magnet of claim 1 further characterized 
in that the content of phosphorus in said chemical conversion 
film is from 0.1 to 100 mg per square meter of film formed on 
said magnetic surface. 

[Claim 6] The permanent magnet of claim 1 further characterized 
in that said content of oxygen in said chemical conversion films 
is from 0.2 to 3 00 mg per square meter of film formed on said 
magnetic surface. 

[Claim 7] The permanent magnet of claim 1 further characterized 
in that the content of fluorine in said chemical conversion film 
is from 0.05 to 100 mg per square meter of film formed on said 
magnetic surface. 
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[Claim 8] The permanent magnet of claim 1 further characterized 
in that the ratio of the number of moles of phosphorus to the 
number of moles of titanium and/or zirconium in the vicinity of 
said chemical conversion film layer is greater than the ratio of 
the overall chemical conversion film. 

[Claim 9] The permanent magnet of claim 1 further characterized 
in that the ratio of the number of moles of phosphorus to the 
number of moles of titanium and/or zirconium in the vicinity of 
said chemical conversion film layer is greater than or equal to 
1. 

[Claim 10] A method of manufacturing a permanent magnet 
characterized in that an aluminum film is formed on the surface 
of an Fe-B-R permanent magnet, after which, over said aluminum 
film, a treatment solution comprising a titanium compound and/or 
a zirconium compound; at least one member selected from among the 
group consisting of phosphorus, condensed phosphoric acid, phytic 
acid, hydrolates of phytic acid, and salts thereof; and a 
fluorine compound is coated and dried to form a chemical 
conversion film comprising either or both titanium and zirconium; 
phosphorus; oxygen; and fluorine. 

[Claim 11] The manufacturing method of claim 10 further 
characterized in that said aluminum film is formed by vapor phase 
epitaxy. 
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[Claim 12] The manufacturing method of claim 11 further 
characterized in that said aluminum film is formed to a thickness 
of from 0.01 to 50 pm. 

[Claim 13] The manufacturing method of claim 10 further 
characterized in that an Fe-B-R permanent magnet and an aluminum 
piece are placed in a processing vessel, subjected to vibration 
within said processing vessel, and/or agitated to form said 
aluminum film. 

[Claim 14] The manufacturing method of claim 13 further 
characterized in that said aluminum film is formed to a thickness 
of from 0.01 to 1 pm. 

[Claim 15] The manufacturing method of claim 10 further 
characterized in that the ratio of the number of moles (based on 
phosphorus) of the one or more members selected from among the 
group consisting of phosphorus, condensed phosphoric acid, phytic 
acid, phytic acid hydrolate, and salts thereof to the number of 
moles (based on metal) of titanium compound and/or zirconium 
compound in said treatment solution is greater than or equal to 
1. 

[Detailed Description of the Invention] 
[0001] 
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[Technical Field of the Invention] The present invention relates 
Fe-B-R permanent magnets having good anticorrosive films, and 
methods of manufacturing the same. More specifically, it relates 
to an Fe-B-R permanent magnet, and method of manufacturing the 
same, having on a magnetic surface an anticorrosive film with 
good adhesion to the magnet, the magnetic characteristics of 
which do not deteriorate even when placed for long periods under 
conditions of a temperature of 80 *C and a relative humidity of 
90 percent, affording stable, good magnetic characteristics 
without the presence of hexavalent chromium in the film. 

[0002] 

[Prior Art] Fe-B-R permanent magnets, typified by Fe-B-Nd 
permanent magnets, are employed in a variety of applications 
because they are made from more richly abundant and inexpensive 
materials than Sm-Co permanent magnets and afford good magnetic 
characteristics. However, since Fe-B-R permanent magnets contain 
highly reactive R and Fe, they tend to oxidize and corrode in the 
atmosphere. When they are employed without any surface 
treatment, the presence of just a slight quantity of acid, 
alkali, moisture, or the like on the surface results in corrosion 
of the surface and the formation of rust. This results in 
deterioration and variation in magnetic characteristics. 
Further, when a rusted magnet is incorporated into a device such 
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as a magnetic circuit, there is a risk that the rust will scatter 
and contaminate surrounding parts. 
[0003] 

[Problems to Be Solved by the Invention] Based on the above 
problems, to provide improvement in the corrosive properties of 
Fe-B-R permanent magnets, a magnet obtained by forming a 
corrosion-resistant metal plating film by a wet method such as 
electroless plating or electroplating on the surface of a magnet 
has been proposed (see Japanese Patent Publication No. Hei 3- 
74012) . However, in this method, the acid solution or alkali 
solution employed as a pretreatment prior to plating sometimes 
remains in the pores of the magnet, corroding the magnet over 
time. Further, since the magnet has poor resistance to 
chemicals, the magnetic surface sometimes corrodes during plating 
treatment. Still further, even when a metal coating film is 
formed on the magnet surface as stated above, anticorrosion 
testing under conditions of a temperature of 60 'C and a relative 
humidity of 90* sometimes leads to a deterioration in magnetic 
characteristics of more than 10 percent of the initial values 
after 100 h. 

Zl 

[0004] Further, a method of forming an oxidation-resistant 
chemical conversion film such as a phosphate film or chromate 

7 



film on the surface of an Fe-B-R permanent magnet has been 
proposed (see Japanese Patent Publication No. Hei 4-22008) . 
Although the film obtained by this method affords good adhesion 
to the magnet, anticorrosion testing under conditions of a 
temperature of 60 *C and a relative humidity of 90' sometimes 
leads to a deterioration in magnetic characteristics of more than 
10 percent of the initial values after 300 h. 
[0005] Further, a method of chromate treatment following the 
formation of an aluminum film by vapor phase epitaxy has been 
proposed as a method of improving the corrosion resistance of Fe- 
B-R permanent magnets (see Japanese Patent Publication No. Hei 6- 
66173) . Although this method affords substantial improvement in 
the corrosion resistance of magnets, since the chromate treatment 
employed utilizes environmentally undesirable hexavalent 
chromium, the method of processing the waste solution is complex. 
Further, the film obtained by this method comprises trace 
quantities of hexavalent chromium, creating concern regarding the 
effect on the human body resulting from handling of magnets. 
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[0006] Accordingly, the present invention has for its object to 
provide an Fe-B-R permanent magnet, and method of manufacturing 
the same, having on a magnetic surface an anticorrosive film with 
good adhesion to the magnet, the magnetic characteristics of 
which do not deteriorate even when placed for long periods under 
conditions of a temperature of 80 'C and a relative humidity of 
90 percent, affording stable, good magnetic characteristics 
without the presence of hexavalent chromium in the film. 

[0007] 

[Means of Solving the Problems] Based on the above -described 
problems, the present inventors conducted various research, 
resulting the discovery that by forming an aluminum film on the 
surface of an Fe-B-R permanent magnet and then forming thereover 
a chemical conversion film comprising constituent elements in the 
form of titanium and/or zirconium, the chemical conversion film 
bonded firmly to the magnet through the aluminum layer and 
afforded good resistance to corrosion. 

[0008] The present invention was devised based on this discovery. 
As stated in claim 1, it is characterized by having a chemical 
conversion film comprising zirconium and/or titanium; phosphorus; 
oxygen; and fluorine over an aluminum film on the surface of an 
Fe-B-R permanent magnet. Further, the permanent magnet of claim 
2 consists of the permanent magnet of claim 1 further 
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characterized in that the thickness of the aluminum film is from 
0.01 to 50 |im. Still further, the permanent magnet of claim 3 
consists of the permanent magnet of claim 1 further characterized 
in that the thickness of the chemical conversion film is from 
0.01 to 1 |im. Still further, the permanent magnet of claim 4 
consists of the permanent magnet of claim 1 further characterized 
in that the content of titanium and/or zirconium in the chemical 
conversion film is from 0.1 to 100 mg per square meter of film 
formed on the magnetic surface. Still further, the permanent 
magnet of claim 5 consists of the permanent magnet of claim 1 
further characterized in that the content of phosphorus in the 
chemical conversion film is from 0.1 to 100 mg per square meter 
of film formed on the magnetic surface. Still further, the 
permanent magnet of claim 6 consists of the permanent magnet of 
claim 1 further characterized in that the content of oxygen in 
the chemical conversion films is from 0.2 to 300 mg per square 
meter of film formed on the magnetic surface. Still further, the 
permanent magnet of claim 7 consists of the permanent magnet of 
claim 1 further characterized in that the content of fluorine in 
the chemical conversion film is from 0.05 to 100 mg per square 
meter of film formed on the magnetic surface. Still further, the 
permanent magnet of claim 8 consists of the permanent magnet of 
claim 1 further characterized in that the ratio of the number of 
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moles of phosphorus to the number of moles of titanium and/or 
zirconium in the vicinity of the chemical conversion film layer 
is greater than the ratio of the overall chemical conversion 
film. Still further, the permanent magnet of claim 9 consists of 
the permanent magnet of claim 1 further characterized in that the 
ratio of the number of moles of phosphorus to the number of moles 
of titanium and/or zirconium in the vicinity of the chemical 
conversion film layer is greater than or equal to 1. Still 
further, the method of manufacturing a permanent magnet of the 
present invention is characterized in that an aluminum film is 
formed on the surface of an Fe-B-R permanent magnet, after which, 
over the aluminum film, a treatment solution comprising a 
titanium compound and/or a zirconium compound; at least one 
member selected from among the group consisting of phosphorus, 
condensed phosphoric acid, phytic acid, hydrolates of phytic 
acid, and salts thereof; and a fluorine compound is coated and 
dried to form a chemical conversion film comprising titanium 
and/or zirconium; phosphorus; oxygen; and fluorine. Still 
further, the manufacturing method of claim 11 consists of the 
manufacturing method of claim 10 further characterized in that 
the aluminum film is formed by vapor phase epitaxy. Still 
further, the manufacturing method of claim 12 consists of the 
manufacturing method of claim 11 further characterized in that 



the aluminum film is formed to a thickness of from 0.01 to 50 
jim. Still further, the manufacturing method of claim 13 
consists of the manufacturing method of claim 10 further 
characterized in that an Fe-B-R permanent magnet and an aluminum 
piece are placed in a processing vessel, subjected to vibration 
within the processing vessel, and/or agitated to form the 
aluminum film. Still further, the manufacturing method of claim 
14 consists of the manufacturing method of claim 13 further 
characterized in that the aluminum film is formed to a thickness 
of from 0.01 to 1 ]im. Still further, the manufacturing method 
of claim 15 consists of the manufacturing method of claim 10 
further characterized in that the ratio of the number of moles 
(based on phosphorus) of the one or more members selected from 
among the group consisting of phosphorus, condensed phosphoric 
acid, phytic acid, phytic acid hydrolates, and salts thereof to 
the number of moles (based on metal) of titanium compound and/or 
zirconium compound in the treatment solution is greater than or 
equal to 1 . 
[0009] 

LA 

[Modes of Implementing the Present Invention] The permanent 
magnet of the present invention is characterized by having a 
chemical conversion film comprising either or both zirconium and 
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titanium; phosphorus; oxygen; and fluorine over an aluminum film 
on the surface of an Fe-B-R permanent magnet. 

[0010] The method of forming the aluminum film on the surface of 
the Fe-B-R permanent magnet is not specifically limited. 
However, since the magnet and the aluminum film tend to oxidize 
and corrode, the method of vapor phase epitaxy and the method in 
which an Fe-B-R permanent magnet and an aluminum piece are placed 
in a processing vessel, subjected to vibration within the 
processing vessel, and/or agitated to form the aluminum film, 
described further below, are examples of desirable methods. 
[0011] (1) The vapor phase epitaxy method 

Examples of vapor phase epitaxy methods suitable for use in 
forming the aluminum film are known methods such as vacuum 
evaporation, ion sputtering, and ion plating. The aluminum film 
may be formed under the conditions normally employed in each of 
these methods. However, the use of the vacuum evaporation and 
ion sputtering methods is desirable from the perspectives of the 
density and uniformity of thickness of the film formed and the 
rate of film formation. It is also possible to employ known 
methods of cleaning, such as washing, degreasing, and sputtering, 
on the surface of the magnet prior to film formation. 
[0012] The temperature of the magnet during film formation is 
desirably set to from 200 to 500 . When the temperature is below 



200 , a film having good adhesion to the surface of the magnet 
may not be obtained, and when 500 is exceeded, the film cracks 
during the cooling process following film formation and the film 
may separate from the magnet. 

[0013] When the thickness of the aluminum film is less than 0.01 
lam, good resistance to corrosion may not be achieved. When 50 
Urn is exceeded, not only does the cost of manufacturing 
increase, but the effective volume of the magnet decreases. 
Thus, a thickness of from 0.01 to 50 jlm is desirably and a 
thickness of 0.05 to 25 ]im is preferred. 

[0014] (2) The method of placing an Fe-B-R permanent magnet and 
an aluminum piece in a processing vessel, subjecting them to 
vibration within the processing vessel, and/or agitating them to 
form the aluminum film 

The aluminum pieces employed in this method may be acicular 

(wire - shaped) , cylindrical, block-shaped, or the like. However, 
pieces that are acicular in shape and have pointed ends, and 
cylindrical pieces are preferred from the perspective of 
efficiently producing aluminum micropowder serving as the 
structural source of the aluminum film. 

[0015] The size (major axis) of the aluminum pieces is desirably 
from 0.05 to 10 mm, preferably from 0.3 to 5 mm, and still more 
preferably, from 0.5 to 3 mm, from the perspective of efficient 



generation of aluminum micropowder . The aluminum pieces may be 
identical in shape and of identical size, or may be a mixture of 
varying shapes and sizes. 

[0016] The vibrating and/or agitating of the magnet and the 
aluminum pieces are desirably conducted by a dry method due to 
the tendency of the two to oxidize, and may be conducted in air 
at ordinary temperature. The processing vessel employed in the 
present invention need not be a complex device. For example, the 
processing chamber of a barrel device may be employed. Any known 
barrel device, such as a rotating, vibrating, or centrifugal 
barrel device, may be employed. When a rotating device is 
employed, the rotational speed is desirably from 20 to 50 rpm. 
When a vibrating device, the frequency is desirably form 50 to 
100 Hz and the amplitude is desirably from 0.3 to 10 mm. When a 
centrifugal device, the rotational speed is desirably from 70 to 
200 rpm. 

[0017] The quantity of aluminum pieces and magnets placed within 
the processing vessel is desirably from 20 to 90 volume percent 
of the volume of the processing vessel. A quantity of less than 
2 0 volume percent is impractical because of the amount being 
processed, and a film cannot be efficiently formed when the 
quantity exceeds 90 volume percent. The ratio of magnets to 
aluminum pieces placed in the processing vessel is desirably not 



greater than 3 as a volume ratio (magnets /aluminum pieces) . When 
the volume ratio exceeds 3, an impractical period of time is 
required to form the film. Although the processing time depends 
on the quantity being processed, it is normally from about 1 hour 
to 10 hours. 

[0018] In the above-described methods, aluminum micropowder 
generated by the aluminum pieces is coated onto the surface of 
the magnets, forming an aluminum film. The mechanism by which 
the aluminum micropowder adheres to the surface of the magnets is 
thought to be a type of mechanical reaction. The aluminum 
micropowder firmly adheres to the surface of the magnets, and the 
aluminum film obtained exhibits good resistance to corrosion. 
From the perspective of ensuring adequate resistance to 
corrosion, as stated above, the thickness is desirably not less 
than 0.01 ]lm. The upper limit of the thickness is not 
specifically limited. However, when the film thickness exceeds 1 
Urn, the time required to form the aluminum film is quite long. 
Thus, this method can be suitably used to form aluminum films 
that do not exceed 1 urn in thickness. 

[0019] Following formation of the aluminum film on the surface of 
the magnet, a heat treatment can be employed to heighten bonding 
between the surface of the magnet and the aluminum film. When 
the temperature employed in the heat treatment is less than 200 , 



there is a possibility that the interface reaction between the 
magnet and the aluminum film will progress inadequately, 
precluding an increase in adhesion. When this temperature 
exceeds 500 , the magnetic characteristics of the magnet tend to 
deteriorate, and there is a risk that the aluminum film will 
melt. Accordingly, the heat treatment is desirably conducted at 
from 200 to 500 , with from 200 to 250 being preferred from the 
perspectives of ease of production and manufacturing cost. 

Z5 

[0020] The method of forming over the aluminum film a chemical 
conversion film comprising constituent elements in the form of 
titanium and/or zirconium; oxygen; and fluorine will be described 
next. One example of this method is the application and drying 
of a treatment solution comprising a titanium compound and/or a 
zirconium compound; at least one member selected from among the 
group consisting of phosphorus, condensed phosphoric acid, phytic 
acid, hydrolates of phytic acid, and salts thereof; and a 
fluorine compound is coated and -dried to form a chemical 
conversion film comprising titanium and/or zirconium; phosphorus; 
oxygen; and fluorine. 

[0021] The treatment solution is prepared by dissolving in water 
a titanium compound and/or a zirconium compound; at least one 
member selected from among the group consisting of phosphorus, 
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condensed phosphoric acid, phytic acid, hydrolates of phytic 
acid, and salts thereof; and a fluorine compound. 
[0022] Examples of the titanium compound contained in the 
treatment solution are: f luorotitanate; alkali metal salts, 
alkaline-earth metal salts, and ammonium salts of f luorotitanic 
acid; and sulfates and nitrates of titanium. Examples of the 
zirconium compound are f luorozirconic acid; alkali metal salts, 
alkaline-earth metal salts, and ammonium salts of f luorozirconic 
acid; and sulfates and nitrates of zirconium. The content in the 
treatment solution of the titanium compound and/or zirconium 
compound is, based on metal, desirably from 1 to 2,000 ppm, 
preferably 10 to 1,000 ppm. A content of less than 1 ppm runs 
the risk of precluding a chemical conversion film, and a content 
exceeding 2,000 ppm tends to raise the cost. 
[0023] Examples of condensed phosphoric acids that may be 
employed in the treatment solution are: pyrophosphoric acid, 
tripolyphosphoric acid, metaphosphoric acid, and ultraphosphoric 
acid. Examples of hydrolates of phytic acid that are suitable 
for use are: diphosphoric esters, triphosphoric esters, 
tetraphosphoric esters, and pentaphosphoric esters of myo- 
inositol. Examples of salts of phosphoric acid, condensed 
phosphoric acid, phytic acid, and phytic acid hydrolates that are 
suitable for use are: various ammonium salts, alkali metal 
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salts, and alkaline-earth metal salts. When employing phosphoric 
acid, condensed phosphoric acid, and salts thereof, the content 
in the treatment solution, based on phosphoric acid, is desirably 
from 1 to 2,000 ppm, preferably 5 to 1,000 ppm. A content of 
less than 1 ppm runs the risk of precluding the formation of a 
chemical conversion film. A content exceeding 2,000 ppm runs the 
risk of affecting adhesion of the chemical conversion film to the 
magnet. For the same reasons, when employing phytic acid, 
hydrolates of phytic acid, and salts thereof, the content in the 
treatment solution, based on phytic acid, is desirably from 50 to 
10,000 ppm, preferably from 100 to 5,000 ppm. 

[0024] In addition to the above-listed f luorotitanic acid, salts 
thereof, f luorozirconic acid, and salts thereof, it is possible 
to employ hydrofluoric acid, ammonium fluoride, ammonium hydrogen 
fluoride, sodium fluoride, and sodium hydrogen fluoride. The 
content of the fluorine compound in the treatment solution, as a 
fluorine concentration, is desirably from 10 to 10,000 ppm, 
preferably from 50 to 5,000 ppm. A content of less than 10 ppm 
runs the risk of precluding efficient etching of the aluminum 
film surface, and a content exceeding 10,000 ppm accelerates the 
rate of etching beyond the film- forming rate, making it difficult 
to form a uniform film. 
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[0025] The treatment solution is desirably adjusted to from pH 1 
to 6. At lower than a pH of 1, there is a risk of excessive 
etching of the aluminum film surface, and at greater than pH 6, 
the stability of the processing solution is affected. 
[0026], In addition to the above-described components, the 
following may also be added to the treatment solution to improve 
chemical conversion treatment reactivity, the stability of the 
treatment solution, adhesion of the chemical conversion film to 
the magnet, and adhesion to the adhesive employed when the magnet 
is incorporated into a device: organic acids such as tannic acid, 
oxidizing agents (hydrogen peroxide, hydrochloric acid, and salts 
thereof; nitrous acid and salts thereof; nitric acid and salts 
thereof; tungstic acid and salts thereof; and molybdic acid and 
salts thereof) , water-soluble polyamides, and other water-soluble 
resins . 

[0027] When the treatment solution itself lacks storage 
stability, it can be prepared immediately prior to use. Examples 
of treatment solutions suitable for use in the present invention 
include treatment solutions prepared from Parcoat 3 753 (product 
name, made by Nihon Parkerizing Co., Ltd.) or Parcoat 3756NA or 
Parcoat 3756NB (both products made by Nihon Parkerizing Co., 
Ltd. ) . 
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[0028] The treatment solution can be applied to the surface of 
the aluminum film by immersion, spraying, spin-coating, or the 
like. During coating, the temperature of the treatment solution 
is desirably from 20 to 80 . When this temperature is less than 
20 , there is a risk that the reaction will not progress, and 
when it exceeds 80 , there is a risk that the stability of the 
treatment solution will be affected. The treatment period is 
normally from 10 seconds to 10 minutes. 

[0029] After applying the treatment solution to the surface of 
the aluminum film, drying is conducted. Since adequate drying 
cannot be achieved at a drying temperature of less than 50 , 
there is a risk of deterioration of external appearance and of an 
effect on adhesion to the adhesive employed when the magnet is 
incorporated into a product. When 250 is exceeded, there is a 
risk that the chemical conversion film that is formed will 
deteriorate. Accordingly, the drying temperature is desirably 
from 50 to 250 , with a temperature of from 50 to 150 being 
desirable from the perspectives of production efficiency and 
manufacturing cost. The drying time is normally from 5 seconds 
to 1 hour. 

IS 

[0030] A chemical conversion film comprising constituent elements 
in the form of titanium and/or zirconium; phosphorus; oxygen; and 
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fluorine that is formed by the above -described method is firmly 
bonded to the magnet through the aluminum layer. Thus, adequate 
resistance to corrosion is achieved so long as the film thickness 
is not less than 0.01 ]lm. Further, during chemical conversion, 
the phosphoric acid, compound phosphoric acid, and the like in 
the treatment solution react with the materials of the magnet in 
the form of Nd and Fe on the surface of the magnet, forming a 
passive film. Even when there is a portion in which the aluminum 
film has not been completely formed, there is thought to be 
compensation for resistance to corrosion in that portion. The 
maximum thickness of the chemical conversion film is not 
specifically limited. However, from the perspectives of reducing 
the size of the magnet and reducing the manufacturing cost, a 
thickness of - not greater than 1 ]im is desirable, with a 
thickness of not greater than 0.3 ]im being preferred. 
[0031] The content of titanium and/or zirconium in the chemical 
conversion film is desirably from 0.1 to 100 mg, preferably from 
1 to 50 mg, per square meter of the film formed on the magnet 
surface. A content of less than 0 . 1 mg runs the risk of 
precluding adequate resistance to corrosion. And a content 
exceeding 10 0 mg is undesirable from the perspective of 
increasing cost . 
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[0032] The content of phosphorus in the chemical conversion film 
is desirably from 0.1 to 100 mg, preferably from 1 to 50 mg, per 
square meter of the film formed on the magnet surface. A content 
of less than 0 . 1 mg runs the risk of precluding adequate 
resistance to corrosion. A content exceeding 100 mg is 
undesirable from the perspective of affecting adhesion to the 
adhesive employed when the magnet is incorporated into a device. 

[0033] The oxygen in the chemical conversion film is desirably 
present in a state bonded to the titanium, zirconium, or 
phosphorus, or as the constituent element of an organic acid 
added to the treatment solution to improve adhesion to the 
adhesive employed when the magnet is incorporated into a device. 
The content of oxygen in the chemical conversion film is 
desirably from 0.2 to 300 mg per square meter of the film on the 
magnet surface. When the content is less than 0.2 mg, there is a 
risk that adequate resistance to corrosion will not be achieved. 
When the content exceeds 300 mg, there is a risk of affecting 
adhesion to the adhesive employed when the magnet is incorporated 
into a device. 

[0034] The fluorine in the chemical conversion film results from 
free fluorine ions or fluorine bonded to Zr such as ZrF 4 HP0 4 that 
is present in the treatment solution to etch the aluminum film 
surface, and is incorporated into the film during formation of 



the chemical conversion film. The content of fluorine in the 
chemical conversion film is desirably from 0.05 to 100 mg, 
preferably 0.1 to 50 mg, per square meter of the film formed on 
the magnet surface. When the content is less than 0.05 mg, there 
is a risk that adequate resistance to corrosion will not be 
achieved, and when the content exceeds 100 mg, there is a risk of 
affecting adhesion to the adhesive employed when the magnet is 
incorporated into a device. 

[0035] Among chemical conversion films formed by the above- 
described method and comprising constituent elements in the form 
of titanium and/or zirconium; phosphorus; oxygen; and fluorine, 
those films in which the ratio of the number of moles of 
phosphorus to the number of moles of titanium and/or zirconium in 
the vicinity of the film surface (for example, in the area 
running from the film surface to a depth of 0.002 \im from the 
film surface) , and those films in which the ratio of the number 
of moles of phosphorus to the number of moles of titanium and/or 
zirconium in the vicinity of the film surface is not less than 1, 
preferably not less than 2, and more preferably, not less than 3, 
are desirable. This is because, even when the film comes in 
contact with moisture, the phosphoric acid, compound phosphorus, 
and the like for the most part stably present in the vicinity of 
the film surface are thought to capture the moisture and prevent 



the moisture causing corrosion from reaching the surface of the 
magnet. In forming such a film, a treatment solution in which 
the ratio of the number of moles (based on metal) of the titanium 
compound and/or zirconium compound to the number of moles (based 
on phosphorus) of the one or more members selected from the group 
consisting of phosphoric acid, condensed phosphoric acid, phytic 
acid, hydrolates of phytic acid, and salts thereof is not less 
than 1 is desirable employed. 

[0036] As a step preceding the formation of a chemical conversion 
film on the aluminum film, shot peening (a method of improving 
the surface by bombarding it with shot) may be employed. 
Conducting shot peening smooths out the aluminum film, tending to 
form a thin chemical conversion film having good resistance to 
corrosion. A powder that is as hard or harder than the aluminum 
film that has been formed is desirably employed as the powder in 
shot peening. Examples are steel balls, glass beads, and other 
spherical hard powders with a Mohs hardness of 3 or above. When 
the average grain diameter of the powder is less than 3 0 \im, the 
pressing force applied to he aluminum film is small and a long 
time is required for treatment. When the average grain diameter 
exceeds 3,000 \im, the roughness of the surface tends to become 
excessive and the finished surface tends to become nonuniform. 
Thus, from 30 to 3,000 is desirable, with from 40 to 2,000 being 



preferred. The spraying pressure in shot peening is desirably 
from 1.0 to 5.0 kg/cm 2 . When the spraying pressure is less than 
1.0 kg/cm 2 , the pressing force on the metal film is small and a 
long time is required for treatment. When 5.0 kg/cm 2 is 
exceeded, the pressing force on the metal film becomes nonuniform 
and the surface roughness tends to deteriorate. The period of 
spraying during shot peening is desirably from 1 minute to 1 
hour. A spraying time of less than one minute runs the risk of 
not being able to yield a fully uniform surface, and a spraying 
time exceeding 1 hour tends to result in deterioration of surface 
roughness . 

[0037] The rare element (R) in the Fe-B-R permanent magnet 
employed in the present invention is desirably at least one from 
among Nd, Pr, Dy, Ho, Tb, and Sm, or at least one from among La, 
Ce, Gd, Er, Eu, Tm, Yb, Lu, and Y. Normally, one type of R 
suffices, but in practice, the incorporation of a mixture of two 
or more (such as misch metals and "jijimu") is convenient. When 

LL 

the content of R in the Fe-B-R permanent magnet is less than 10 
atomic percent, the crystalline structure assumes a cubic system 
composition identical to the structure of a-Fe, precluding the 
obtaining of good magnetic characteristics and a high coercivity 
(iHc) . When 30 atomic percent is exceeded, the R-rich 
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nonmagnetic phase increases, the residual magnetic flux density 
(Br) drops, and a permanent magnet with good characteristics 
cannot be achieved. Thus, the quantity of R is desirably 10 to 
30 atomic percent of the composition. 

[0038] When the content of Fe is less than 65 atomic percent, Br 
drops, so a content of from 65 to 80 atomic percent is desirable. 
Substituting Co for part of the Fe improves the temperature 
characteristics without compromising the magnetic characteristics 
of the magnet obtained. However, when the level of Co 
substitution exceeds 20 percent of the Fe, magnetic 
characteristics deteriorate undesirably. When the level of Co 
substitution is from 5 to 15 atomic percent, the Br increases 
relative to when there is no substitution of Co, desirably 
yielding a higher magnetic flux density. 

[0039] When the content of B is less than 2 atomic percent, a 
rhombohedral structure becomes the main phase, precluding the 
obtaining of a high iHc . When 28 atomic percent is exceeded, the 
B-rich nonmagnetic phase increases and the Br drops, precluding 
the obtaining of a permanent magnet with good characteristics. 
Thus, a content of from 2 to 2 8 atomic percent is desirable. To 
improve the structural properties of the magnet and lower its 
cost, at least 2.0 weight percent of P and/or 2.0 weight percent 
or less of S totaling not more than 2.0 weight percent can be 



incorporated. Not more than 3 0 weight percent of B can also be 
replaced with C to improve the resistance to corrosion of the 
magnet . 

[0040] The addition of at least one from among Al, Ti, V, Cr, Mn, 
Bi, Nb, Ta, Mo, W, Sb, Ge, Sn, Zr, Ni, Si, Zn, Hf, and Ga has the 
effects of improving coercivity and the squareness of the 
demagnetization curve, improving manufacturing properties, and 
reducing cost. Obtaining an energy product (BH) max of 20 MGOe 
or above requires a Br of at least 9 kG, so the quantity added 
desirably falls within the range satisfying this condition. In 
addition to R, Fe, and B, impurities essential for industrial 
production may also be added. 

[0041] Fe-B-R permanent magnets employed in the present invention 
that are characterized by having a principal phase in the form of 
a compound having a square crystalline structure in which the 
range of the average crystal diameter is from 1 to 80 ym and by 
comprising a nonmagnetic phase (excluding oxide phases) with a 
specific volume of from 1 to 50 percent exhibit iHc>l kOe, Br>4 
kG, (BH)max^lO MGOe, and achieve a (BH) max of 25 MGOe or above. 
[0042] Other films may be laminated onto the chemical conversion 
film of the present invention. The use of such a configuration 
can be used to strengthen and complete the chemical conversion 
film as well as impart other functions. 
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[0043] 

[Embodiments] As described in U.S. Patent No. 4,110,123, a known 
cast ingot was pulverized to form a micropowder. This was 
shaped, sintered, and surface processed to obtain a sintered 
magnet measuring 23 x 10 x 6 mm and having a 17Nd-lPr-75-Fe-7B 
composition (referred to hereinafter as the "test magnet"), and 
the following testing was conducted. In these tests, the 
thickness of the aluminum film was measured with a fluorescent X- 
ray film thickness tester (the device employed was an SFT-7000 
made by Seiko Electronics) . The film thickness of the chemical 
conversion film was determined by depthwise analysis of the film 
by X-ray electron spectroscopy (XPS) (the device employed was an 
ESCA-850 made by Shimatsu Seisakujo) . The content of each 
component in the film was measured by fluorescent X-ray intensity 
(the device employed was an RIX-3 000 made by Rigaku Denki) . The 
present invention is not limited to application to Fe-B-R 
sintered magnets, but may also be applied to Fe-B-R bonded 
magnets . 

[0044] Embodiment 1: The magnetic surface of test magnets was 
cleaned by sputtering for 3 5 min under conditions of a bias 
voltage of 4 00 V and an Ar gas pressure of 10 Pa in a vacuum 
vessel that had been evacuated to 1 x 10" 4 Pa or less. Arc ion 
plating was conducted for 15 min using metallic aluminum as the 



target under conditions of a magnet temperature of 250 "C, a bias 
voltage of -50, and an Ar gas pressure of 0.2 Pa to form an 
aluminum film on the surface of the magnets, and the magnets were 
allowed to cool. The thickness of the aluminum film obtained was 
0.5 ym. A 35 g quantity of Parcoat 3753 (product name, made by 
Nihon Parkerizing Co.) was dissolved in one liter of water to 
prepare a treatment solution (pH 3.8). The above -described 
magnets having an aluminum film on their surfaces were immersed 
for 1 min at a bath temperature of 40 *C in this treatment 
solution to form a chemical conversion layer, after which drying 
was conducted for 20 min at 100 'C to form a titanium-comprising 
chemical conversion film 0.1 um in thickness on the aluminum 
film. The titanium content of this chemical conversion film was 
10 mg (per square meter of magnet surface) , the phosphorus 
content was 7 mg (same) , the oxygen content was 21 mg (same) , and 
the fluorine content was 2 mg) (same) . The surfaces of the 
magnets were subjected to an accelerated corrosion resistance 
test by placing the magnets having the titanium- comprising 
chemical conversion film over an aluminum film in high- 
temperature, high-humidity conditions of a temperature of 80 'C 
and a relative humidity of 90 percent for 300 h. Table 1 shows 
the magnetic characteristics after the test and how the external 
appearance changed. The results indicate that the magnets 



obtained underwent almost no change in magnetic characteristics 
or external appearance and fully satisfied corrosion resistance 
requirements even when placed for an extended period under 
conditions of high temperature and high humidity. 

Z8 

[0045] Embodiment 2 : Test magnets were cleaned under the same 
conditions as in Embodiment 1. An aluminum film was then formed 
on the surfaces of the magnets by ion plating by heating an 
aluminum wire as coating material under conditions of a voltage 
of 1.5 kV and an Ar gas pressure of 1 Pa to vaporize the aluminum 
wire, and the magnets were cooled. The thickness of the aluminum 
film obtained was 0.9 urn. Subsequently, a spherical glass bead 
powder with an average particle size of 12 0 \lm and a Mohs 
hardness of 6 was sprayed with pressurized gas in the form of N 2 
at a pressure of 1.5 kg/cm 2 for 5 min onto the outer surface of 
the aluminum film to conduct shot peening. A 10 g quantity of 
Parcoat 3756NA and an identical quantity of Parcoat 3756NB (both 
products made by Nihon Parkerizing Co.) were dissolved in one 
liter of water to prepare a treatment solution (the ratio of the 
number of moles of phosphorus to the number of moles of zirconium 
contained being 6.2, and the pH 3.2). The above-described 
magnets having an aluminum film on the surfaces thereof were 
immersed for 1 min 3 0 sec at a bath temperature of 50 *C in this 
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treatment solution to form a chemical conversion film and drying 
was conducted at 120 'C for 20 min to form a zirconium-comprising 
chemical conversion film to a thickness of 0.07 Jim on the 
aluminum film. The zirconium content of this chemical conversion 
film was 16 mg (per square meter of magnet surface) , the 
phosphorus content was 11 mg (same) , the oxygen content was 50 mg 
(same) , and the fluorine content was 3 mg (same) . The surface of 
the magnets having a zirconium-comprising chemical conversion 
film over an aluminum film was subjected to an accelerated 
corrosion resistance test under the same conditions as in 
Embodiment 1. The results are given in Table 1. The results 
indicate that the magnets obtained fully satisfied corrosion 
resistance requirements . 

[0046] Embodiment 3: One hundred and fifty test magnets 
(apparent volume 0.5 L, weight 1.6 kg) and shot cylindrical 
aluminum pieces 1 mm in length and 0.8 mm in diameter (apparent 
volume 20 L, weight 100 kg) were charged to the processing 
chamber of a vibrating barrel device with a volume of 50 L (the 
total quantity charged comprised 40 volume percent of the volume 
of the processing chamber) and dry processed under conditions of 
a frequency of 60 Hz and an amplitude of 1.8 mm for 5 h to form 
an aluminum film on the surface of the magnets. The aluminum 
film obtained was 0.05 ]lm in thickness. The magnets having the 



aluminum film on their surfaces were immersed for 1 min 30 sec at 
a bath temperature of 50 *C in the treatment solution described 
in Embodiment 2 to form chemical conversion films and drying was 
conducted at 120* C for 20 min to form a zirconium-containing 
chemical conversion film 0.08 ym in thickness over the aluminum 
film The content of zirconium in the chemical conversion film 
was 16 mg (per square meter of magnet surface) , the phosphorus 
content was 12 mg (same) , the oxygen content was 3 8 mg (same) , 
and the fluorine content was 12 mg (same) . The surface of the 
magnets having a zirconium film over a chemical conversion film 
was subjected to an accelerated corrosion resistance test under 
the same conditions as in Embodiment 1. The results are given in 
Table 1. The results indicate that the magnets obtained fully 
satisfied corrosion resistance requirements. 

[0047] Embodiment 4: After cleaning the surface of test magnets 
under the same conditions as in Embodiment 1, arc ion plating was 
conducted for 2 . 5 h to form an aluminum film on the surface of 
the magnets and the magnets were cooled. The thickness of the 
aluminum film obtained was 5 jim. The above-described magnets 
having an aluminum film on the surface thereof were immersed for 
1 min at a bath temperature of 40 'C in the treatment solution 
described in Embodiment 1 to form a chemical conversion film, 
after which drying was conducted for 20 min at 100 'C to obtain 



a titanium-comprising chemical conversion film 0.09 Jim in 
thickness over the aluminum film. The content of titanium in the 
chemical conversion layer was 9 mg (per square mater of magnet 
surface) , the phosphorus content was 6 mg (same) , the oxygen 
content was 20 mg (same) , and the fluorine content was 2 mg 
(same) . The surface of the magnets was subjected to a corrosion 
resistance test by placing the magnets having the titanium- 
comprising chemical conversion film over an aluminum film under 
high- temperature, high-humidity conditions of a temperature of 
80 'C and a relative humidity of 90 percent for 1,000 h. Table 2 
shows the magnetic characteristics after the test and how the 
external appearance changed. The results indicate that the 
magnets obtained underwent almost no change in magnetic 
characteristics or external appearance and fully satisfied 
corrosion resistance requirements even when placed for an 
extended period under conditions of high temperature and high 
humidity. 

[0048] Embodiment 5: An aluminum film was formed on the surface 
of magnets by ion plating for 10 min under the same conditions as 
in Embodiment 2 and the magnets were cooled. The thickness of 
the aluminum film obtained was 10 urn. Subsequently, a spherical 
glass bead powder with an average particle size of 120 urn and a 
Mohs hardness of 6 was sprayed with pressurized gas in the form 



of N 2 at a pressure of 1.5 kg/cm 2 for 5 min onto the surface of 
the aluminum film to conduct shot peening. The magnets having 
the above -described aluminum film on the surface thereof were 
immersed for 1 min 30 sec at a bath temperature of 50 *C in the 
treatment solution of Embodiment 2 to form a chemical conversion 
film and then dried for 20 min at 120 'C to form a zirconium- 
comprising chemical conversion film 0.07 jim in thickness on the 
aluminum film. The zirconium content of the chemical conversion 
film was 15 mg (per square meter of magnet surface) , the 
phosphorous content was 12 mg (same) , the oxygen content was 4 7 
mg (same) , and the fluorine content was 2 mg (same) . The magnets 
having a zirconium-comprising chemical conversion film over an 
aluminum film on the surface thereof that were obtained by the 
above -described method were subjected to an accelerated corrosion 
resistance test under the same conditions as in Embodiment 4. 
The results are given in Table 2. The results indicate that the 
magnets fully satisfied corrosion resistance requirements. The 
ratio of the number of moles of phosphorus to the number of moles 
of zirconium contained in the area up to a depth of 0.002 ]im 
from the surface of the film of the zirconium-comprising chemical 
conversion film was measured (the device employed was an ESCA-850 
made by Shimatsu Seisakujo) as being 7 by X-ray electron 
spectroscopy (XPS) . The ratio of the number of moles of 



phosphorus to the number of moles of titanium and/or zirconium in 
the overall chemical conversion film based on the number of moles 
of phosphorus and the number of moles of zirconium measured by 
fluorescent X-ray intensity was 2. 

19 

[0049] Embodiment 6: After cleaning test magnets under the same 
conditions as in Embodiment 1, vacuum evaporation was employed by 
heating a coating material in the form of metallic aluminum 
ingots under an Ar gas pressure of 1 x 10" 2 Pa and evaporating it 
for 50 min to form an aluminum film on the surface of the magnets 
and the magnets were cooled. The aluminum film obtained was 8 
Vim in thickness. The magnets having the aluminum film on the 
surface thereof were immersed for 1 min 3 0 sec at a bath 
temperature of 50 °C in the treatment solution described in 
Embodiment 2 to form a chemical conversion film, after which 
drying was conducted for 20 min at 120 "C to form a zirconium- 
comprising chemical conversion film 0.06 \lm in thickness on the 
aluminum film. The zirconium content of the chemical conversion 
film was 15 mg (per meter square of magnet surface) , the 
phosphorus content was 13 mg (same) , the oxygen content was 3 5 mg 
(same) , and the phosphorus content was 2 mg (same) . The surface 
of the magnets having a zirconium film over a chemical conversion 
film obtained in the above-described manner was subjected to an 
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accelerated corrosion resistance test under the same conditions 
. as in Embodiment 4. The results are given in Table 2. The 
results indicate that the magnets obtained fully satisfied 
corrosion resistance requirements. 



[0050] 
[Table 1] 





Before Corrosion Resistance 
Test 


After Corrosion Resistance 
Test 


Appearance 
after test 


Br (kG) 


iHc 
(kOe) 


(BH)max 
(MGOe) 


Br 
(kG) 


iHc 
(kOe) 


(BH)max 
(MGOe) 


Embod . 1 


11.3 


16.7 


30.6 


11.2 


16.5 


29.8 


Unchanqed 


Embod . 2 


11 .3 


16.6 


30.5 


11.3 


16 .4 


29.8 


Unchanqed 


Embod . 3 


11.4 


16.7 


30.6 


11.1 


16.4 


29.7 


Unchanqed 


Comp . 
Ex. 1 


11 .3 


16.7 


30.5 


10.6 


15.8 


29.3 


Partial 
rustinq 


Comp . 
Ex. 2 


11.4 


16.6 


30.5 


10.1 


16.3 


26.5 


Heavy rusting 
over entire 
surface 


[0051] 
[Table 2] 




Before Corrosion Resistance 
Test 


After Corrosion Resistance 
Test 


Appearanc 
e after 
test 


Br (kG) 


iHc 
(kOe) 


(BH) max 
(MGOe) 


Br (kG) 


iHc 
(kOe) 


(BH)max 
(MGOe) 


Embod . 4 


11.3 


16.7 


30.6 


11.1 


16.3 


29.6 


Formation 
of pin 
holes but 
no rust 


Embod . 5 


11.3 


16.7 


30.6 


11.2 


16.5 


29.8 


Unchanqed 


Embod . 6 


11.3 


16.7 


30.6 


11.2 


16.4 


29.7 


Unchanqed 


Comp. 
Ex. 3 


11.4 


16.7 


30.6 


10.3 


15.3 




Partial 
rustinq 


Comp . 
Ex. 4 


11.4 


16 .6 


30.5 


10.8 


16.0 


28.6 


Partial 
peeling 
of Ni 
film 



[0052] Comparative Example 1: Test magnets were degreased, 



washed, and immersed in a treatment solution comprising 4.6 g/L 
of zinc and 17.8 g/L of phosphate at a bath temperature of 70 *C 
to form a phosphate film 1 jim in thickness on the magnet 
surface. The magnets obtained were subjected to an accelerated 
corrosion test under the same conditions as in Embodiment 1. The 
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results are given in Table 1. The results indicate that the 
magnets had poor magnetic characteristics and tended to rust. 
[0053] Comparative Example 2: Test magnets were subjected to an 
accelerated corrosion test under the same conditions as in 
Embodiment 1. The results are given in Table 1. The results 
indicate that the test magnets had poor magnetic characteristics 
and tended to rust . 

[0054] Comparative Example 3: the magnets having an aluminum 
film on the surface thereof that were shot peened in Embodiment 5 
were subjected to an accelerated corrosion resistance test under 
the same conditions as in Embodiment 4. The results are given in 
Table 2. The results indicate that the test magnets had poor 
magnetic characteristics and tended to rust. 

[0055] Comparative Example 4: Magnets having an aluminum film on 
the surface thereof that had been shot peened in Embodiment 5 
were cleaned and immersed in a treatment solution comprising 3 00 
g/L of sodium hydroxide, 4 0 g/L of zinc oxide, 1 g/L of ferric 
chloride, and 30 g/L of Rochelle salt at a bath temperature of 
23 *C. The surface of the aluminum film was substituted with 
zinc. Electroplating was then conducted at a current density of 
1.8 A/ dm 2 in a plating solution comprising 240 g/L of nickel 
sulfate, 48 g/L of nickel chloride, a suitable quantity of nickel 
carbonate (to adjust the pH) , and 30 g/L of boric acid at a bath 
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temperature of 55 "C and a pH of 4.2 to form a nickel film 0.9 pm 
in thickness on the aluminum film the surface of which had been 
zinc substituted. The magnets obtained were subjected to an 
accelerated corrosion resistance test under the same conditions 
as in Embodiment 4. The results are given in Table 2. The 
results indicate that the test magnets had poor magnetic 
characteristics and that a portion of the nickel film peeled off. 
[0056] 

[Effect of the Invention] The permanent magnet of the present 
invention having a chemical conversion film comprising 
constituent elements in the form of zirconium and/or titanium; 
phosphorus; oxygen; and fluorine over an aluminum film on the 
surface of a permanent Fe-B-R magnet affords good resistance to 
corrosion due to tight bonding of the chemical conversion film 
through the aluminum film to the magnet, and exhibits good, 
stable magnetic characteristics without deterioration of magnetic 
characteristics when placed for an extended period under 
conditions of a high temperature of 80* C and high relative 
humidity of 90 percent. Further, the film does not contain 
hexavalent chromium. 
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